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INTRODUCTION 


Adenovirus  type  9  (Ad9)  is  unique  in  eliciting  exclusively  mammary  tumors.  Ad9  is  a 
subgroup  D  human  adenovirus  (12)  and,  in  people,  several  members  of  this  subgroup  cause  epidemic 
outbreaks  of  keratoconjunctivitis,  a  painftil  and  highly  contagious  eye  infection  that  can  lead  to  comeal 
opacities  (16).  Although  subgroup  D  adenovimses  do  not  produce  tumors  in  hamsters  (47),  Ad9  is 
oncogenic  in  Wistar-Furth  (W-Fu)  rats  and  distinct  from  prototype  oncogenic  adenovimses  by  displaying  a 
strict  tropism  for  the  mammary  gland.  Following  subcutaneous  injection  of  newborn  rats,  Ad9  elicits 
exclusively  estrogen-dependent  mammary  tumors  in  female  animals  but  is  non-tumorigenic  in  males  (2,  3, 
20).  The  female  rats  normally  develop  multiple  tumors  involving  several  mammary  glands  (20).  Like 
prototype  oncogenic  adenovimses,  Ad9  viral  DNA  is  integrated  into  the  chromosomes  of  tumor  cells  in  a 
non-infectious  state,  and  the  viral  genome  copy  number  varies  from  less  than  one  to  multiple  copies  per  cell 
(3, 20).  The  presence  of  unique  viral-host  DNA  junction  fragments  in  each  Ad9-induced  mammary  tumor 
indicates  that  these  neoplasms  have  a  monoclonal  origin  (20).  Ad9  also  efficiently  transforms  established 
rat  embryo  fibroblast  cell  lines  in  vitro  (7),  yet  transfection  of  Ad9  viral  DNA  into  primary  baby  rat  kidney 
cells  or  infection  of  primary  rat  embryo  fibroblasts  with  Ad9  vims  fails  to  produce  transformed  foci  (19). 
Therefore,  Ad9  differs  from  prototype  oncogenic  adenovimses  in  generating  mammary  tumors  in  animals 
and  failing  to  transform  primary  rat  embryo  fibroblast  or  kidney  epithelial  cells. 

Ad9  E4  region  open  reading  frame  1  (90RF1)  encodes  a  novel  oncogenic  determinant.  In 
contrast  to  Ad9,  most  subgroup  D  adenovimses,  including  Ad26,  fail  to  generate  tumors  of  any  kind  in  rats 
(21).  This  observation  suggested  that  an  Ad9  gene  required  for  mammary  oncogenesis  might  be  identified 
by  constmcting  and  analyzing  Ad9-Ad26  recombinant  vimses.  From  such  studies,  it  was  determined  that, 
unlike  prototype  oncogenic  adenovimses  in  which  only  the  viral,  El  region  is  needed  for  tumorigenicity, 
Ad9  has  a  critical  oncogenic  determinant(s)  within  its  E4  region  (21).  The  E4  regions  of  human 
adenovimses  are  approximately  3-kilobase  transcription  units  containing  six  open  reading  frames  (ORFs) 
(14,  15,  22)  and  coding  for  regulatory  proteins  involved  in  the  control  of  gene  expression  (6,  13-15,  17, 
34).  E4  proteins  are  expressed  from  a  complex  group  of  mRNAs  arising  from  alternative  splicing  of  a 
primary  transcript  and  sharing  a  common  start  site  and  polyadenylation  signal.  Sequences  for  Ae  Ad9  and 
Ad26  E4  regions  indicate  that  these  two  transcription  units  possess  no  major  organizational  differences  and 
are  93%  identical  at  the  nucleotide  (nt)  level  (22). 

Significantly,  besides  its  requirement  for  mammary  tumorigenesis,  the  Ad9  E4  region  alone  also  produces 
transformed  foci  on  the  rat  embryo  fibroblast  cell  line  CREF  (21),  implying  that  this  viral  transcription  unit 
codes  for  an  oncoprotein.  Prompted  by  this  observation,  we  performed  transformation  assays  with  each 
Ad9  E4  ORF  introduced  individually  into  an  expression  plasmid.  Among  seven  different  Ad9  E4  ORFs, 
only  90RF1  generated  transformed  foci  on  CREF  cells  (23).  In  these  cells,  90RF1  also  produced 
morphological  alterations,  anchorage-independent  growth,  higher  saturation  densities,  as  well  as 
dramatically  elevated  oncogenicity  in  animals  (53).  Additionadly,  in  human  TE85  cells,  the  ^  ORFl  genes 
from  subgroup  A,  B,  and  C  human  adenoviruses  exhibit  cellular  growth-transforming  potentials  similar  to 
that  of  90RF1  (52).  This  suggests  that  E4  ORFls  represent  a  family  of  related  viral  transforming  genes. 
The  90RF1  gene  codes  for  a  14-kD  polypeptide  that  is  detected  in  both  Ad9Tinduced  rat  mammary  tumors 
and  90RF1 -transformed  CREF  cells  (23).  The  results  of  confocal  laser  scanning  microscopy  further 
indicate  that  this  viral  protein  is  located  primarily  within  the  cytoplasm  of  cells  (53).  Significantly,  mutant 
vimses  specifically  unable  to  express  the  90RF1  protein  also  fail  to  generate  mammary  tumors  in  rats  (23). 
Taken  together,  these  findings  indicate  that  90RF1  encodes  a  cytoplasmic  oncoprotein  necessary  for  the 
generation  of  Ad9-induced  rat  mammary  tumors. 

Transformation-defective  90RF1  mutant  genes  define  three  protein  regions  important  for 
transformation.  To  identify  90RF1  protein  regions  important  for  transformation  and  oncogenesis,  we 
generated  48  different  mutant  90RF1  genes  (50).  From  this  collection,  we  identified  seven  mutants 
(mut-IA,  mut-ELA,  mut-IIB,  mut-IIIA,  mut-IIIB,  mut-IHC,  mut-JJlD)  that,  in  general,  express 
approximately  wild-type  levels  of  90RF1  protein  in  CREF  cells,  yet  .  are  severely  deficient  for  inducing 
focus  formation  and  growth  in  soft  agar,  as  well  as  for  increasing  the  tumorigenic  growth  of  these  cells. 
The  altered  amino-acid  residues  of  these  mutant  polypeptides  localize  to  three  separate  90RF1  protein 
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regions  designated  Region  I  (residues  34-41),  Region  n  (residues  89-92)  and  Region  III  (residues  122- 
125)  at  the  extreme  C-terminus  of  the  polypeptide. 

C-terminal  Region  III  of  the  90RF1  protein  mediates  direct  binding  to  multiple  cellular 
polypeptides.  We  also  demonstrated  that  the  90RF1  protein  associates  directly  with  multiple  cellular 
polypeptides  (p220,  pl80,  pl60,  pl55,  pl45,  pl40/pl30)  in  vitro  and  in  vivo  (51).  These  cellular  factors, 
most  of  which  are  phosphoproteins,  are  implicated  in  transformation  because  all  four  90RF1  Region  HI 
transformation-defective  mutants  (mut-IHA,  mut-IIIB,  mut-mC,  mut-IIID)  show  reduced  capacities  to 
associate  with  these  polypeptides.  The  correlation  between  90RF1  transforming  potential  and  binding  to 
these  cellular  factors  is  further  strengthened  by  the  facts  that  in  CREF  cells  (i)  mut-IHA.  and  mut-lilB  fail  to 
interact  detectably  with  any  of  the  cellular  proteins  and  are  severely  transformation  defective  whereas  (ii) 
mut-inC  and  mut-IIID  show  reduced  protein  binding  activity  and  retain  weak,  leaky  transforming  activity 
(51).  Wild-type  Ad5  and  Adl2  E4  ORFl  transforming  proteins  also  interact  with  most  of  the  90RF1- 
associated  cellular  polypeptides,  as  do  C-terminal  Region  Ill-containing  90RF1  protein  fragments,  albeit  at 
reduced  levels.  Collectively,  these  findings  indicate  that  Region  III  is  a  primary  determinant  in  mediating 
direct  binding  of  the  90RF1  protein  to  cellular  polypeptides. 

C-terminal  Region  III  of  the  90RF1  protein  represents  a  functional  PDZ  domain-binding 
motif.  We  have  now  identified  two  cellular  polypeptides  that  bind  to  the  wild-type  90RF1  protein  but  not 
to  the  mut-HIA  protein  (28)  (see  Body  of  Annual  Report  below).  Screening  a  X,gtll  murine  cDNA 
expression  library  with  a  90^1  protein  probe  led  to  the  isolation  of  a  partizil  9BP-1  (^ORFl -Binding 
£rotein-l)  cDNA  which  codes  for  the  C-terminal  526  amino-acid  residues  of  a  novel  cellular  polypeptide. 
Although  novel,  the  analysis  of  the  partial  sequence  of  9BP-1  indicated  that  it  possesses  four  PDZ  domains 
(28).  PDZ  domains  are  found  in  proteins  from  a  variety  of  organisms  (37)  and  represent  80  to  100  residue 
modular  units  which,  like  SRC  homology  region  2  (SH2),  SH3,  and  phosphotyrosine-binding  (PTB) 
domains,  mediate  protein-protein  interactions  (24, 27, 45).  While  the  term  PDZ  derives  from  the  names  of 
three  proteins  first  recognized  to  contain  these  domains  (Postsynaptic  density  protein  [PSD-95],  Discs  large 
tumor  suppressor  [dig],  and  Zonula  occludens  protein  [ZO-1]),  more  than  50  PDZ-domain  proteins  are  now 
known  (8, 10, 11).  In  general,  PDZ-domain  proteins  function  in  signal  transduction  by  serving  as  adapter 
proteins  that  cluster  membrane  proteins  and  signaling  molecules  into  multiprotein  complexes  at  specialized 
membrane  sites,  such  as  adherens  and  tight  junctions  (40,  42,  43).^  In  addition  to  forming  specific 
homophilic  associations  with  other  PDZ  domains  (5),  PDZ  domains  also*  bind  to  sequence  motifs  present  at 
the  free  C-terminus  of  target  polypeptides  (45).  With  regard  to  the  latter  type  of  interaction,  one  well- 
known  consensus  C-terminal  binding  motif  for  certain  PDZ  domains  is  -(S/T)-X-(V/I)-COOH  (where  X 
denotes  any  amino  acid)  (24, 27,  45).  Significantly,  90RF1  and  other  adenovirus  E4  ORFl  transforming 
proteins,  as  well  as  theHTLV-1  Tax  and  all  high-risk  HPV  E6  oncoproteins,  possess  this  consensus  PDZ 
domain-binding  motif  at  their  C-termini  (28).  Moreover,  the  Region  HI  mutations  of  transformation- 
defective  90RF1  mutants  mutlH-A,  mutlll-B,  mutlH-C,  mutlH-D  are  contained  within  or  adjacent  to  this 
motif  (28, 51).  For  this  type  of  PDZ  domain-binding  motif,  mutation  of  the  conserved  residue  at  position  0 
or  position  -2  from  the  C-terminus  destroys  binding  activity  (24).  Similarly,  for  the  90RF1  protein, 
substitution  of  alanine  for  valine  at  position  0  or  aspartic  acid  for  threonine  at  position  -2  abolishes  binding 
to  cellular  proteins,  as  well  as  transforming  activity  (unpublished  results)  (28).  From  these  results,  we 
conclude  that  90RFi  Region  in  is  a  functional  PDZ  domain-binding  motif  This  finding  also  argues  that 
the  detected  90RF1 -associated  factors  are  cellular  PDZ-domain  proteins. 

The  90RF1  protein  binds  to  the  cellular  PDZ-domain  protein  DLG,  a  putative  tumor 
suppressor.  Because  90RF1  is  an  oncogene,  the  findings  presented  above  prompted  investigations  into 
whether  the  90RF1  protein  interacts  with  a  known  PDZ-domain  protein  having  an  established  or  suspected 
role  in  neoplasia.  This  survey  revealed  that  DLG  is  a  mammalian  homologue  of  the  Drosophila  discs  large 
tumor  suppressor  protein  dig  (29,  33).  These  related  proteins  are  members  of  the  membrane-associat^ 
guanylate  kineise  (MAGUK)  family  of  proteins  which  contain,  in  addition  to  three  PDZ  domains,  an  SH3 
domain  and  a  region  with  homology  to  guanylate  kinases  (Fig.  1)  (26).  In  Drosophila  imaginal  disc 
epithelia,  dig  localizes  to  septate  junctions,  the  equivalent  of  tight  junctions  in  mammalian  cells,  and 
homozygous  dig  mutations  lead  to  disraption  of  cell  junctions,  shape,  and  polarity,  as  well  as  to  neoplastic 
growth  (54).  Mammalian  DLG  is  functionally  homologous  to  dig  because  expression  of  DLG  in  dig  null 
mutant  Drosophila  rescues  their  defects  (46).  In  addition,  DLG  PDZ  domains  bind  to  proteins  having  the 
C-terminal  consensus  sequence  -(S/T)-X-(V/I)-COOH  (45)  and,  interestingly,  one  such  cellular  factor  is  the 
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tumor  suppressor  protein  ARC  (31).  We  also  suspected  that  DLG  might  be  90RF1 -associated  protein 
pl40/pl30  because  DLG  migrates  as  a  group  of  bands  at  approximately  130-140  kD  in  protein  gels  (31, 


33). 


DLG 


Binding  to  90RF1: 


PDZ1 


PDZ2 


moderate  strong 


PDZ3 


very  weak 


SH3  GuK 

mill — mssssEEBt 


Fig.  1.  Domain  organization  of  DLG.  Relative  binding  preferences  of  the  90RF1  protein  to  PDZ  domains  woe 
determined  using  protein  blotting  assays  (28).  SH3,  Src  homology  3  domain;  GuK,  Guanylate  kinase-like  domain. 


Urged  by  these  observations,  we  tested  whether  DLG  binds  to  the  90RF1  protein.  We  found  that 
DLG  and  wild-type  90RF1  protein,  but  not  mut-UIA  protein,  co-immunoprecipitate  from  CREF  cell  lysates 
and,  in  addition,  that  DLG  also  complexes  with  the  Ad  12  and  Ad5  E4  OIU^l  transforming  proteins,  as  well 
as  the  HTLV-1  Tax  and  HPV  type  18  E6  oncoproteins  (28).  That  the  90RF1 -associated  protein  bands 
pl40/pl30  represent  DLG  was  suggested  by  the  facts  that  protein  bands  comprising  each  of  these  factors  (i) 
co-migrate  in  protein  gels,  (ii)  show  identical  species-specific  mobility,  and  (iii)  bind  to  mut-IUC  but  not  to 
mut-IHA,  mut-IIIB,  or  mut-DID  90RF1  protein  (28).  Consistent  with  the  hypothesis  that  the  90RF1 
protein  may  require  binding  to  several  different  90RFl-associated  cellular  factors  to  retain  full  transforming 
activity,  leaky  mutant  mut-UIC  displays  wild-type  binding  to  DLG  but  binds  weakly  or  not  at  all  to  other 
90RF1 -associated  cellular  factors.  The  results  of  protein  blotting  assays  further  indicated  that  the  90RF1 
protein  interacts  directly  with  DLG,  binding  preferentially  to  DLG  PDZ2,  less  strongly  to  PDZl,  and  only 
very  weakly  with  PDZ3  (28).  These  findings  suggest  that  the  90RF1  protein  binds  directly  to  the  cellular 
factor  DLG  and  that  this  interaction  may  be  important  for  both  90RF1  transforming  activity  and  mammary 
oncogenesis  by  Ad9. 

Although  the  function  of  DLG  in  mammalian  cells  is  not  yet  known,  the  protein  domains  found  in 
this  cellular  factor  suggest  an  involvement  in  cell  signaling.  Because  related  Drosophila  dig  is  a  tumor 
suppressor,  it  seems  possible  that  both  dig  and  DLG  transmit  growA-inhibitory  signals  from  sites  of 
cell-cell  contact  to  downstream  effectors.  Additionally,  it  may  be  import^t  that,  like  the  90RF1  protein,  the 
tumor  suppressor  protein  APC  also  complexes  with  DLG  in  mammalian  cells  and  that  this  interaction 
similarly  involves  a  C-terminal  PDZ  domain-binding  motif  ^d  DLG  PDZ2  (31).  Further  considering  that 
APC  sustains  C-terminal  truncations  in  most  sporadic  and  fMnilial  colon  cancers  (36),  it  is  conceivable  that 
DLG:APC  protein  complexes  participate  in  negatively  regulating  cell  cycle  progression.  If  so,  one 
interesting  possibility  is  that,  by  binding  to  DLG,  the  90RF1  protein  blocks  the  formation  or  activity  of 
DLGiAPC  complexes  and,  thereby,  permits  unregulated  cellular  proliferation.  Clearly,  more  work  is 
necessary  to  determine  the  functional  consequences  of  the  interaction  between  DLG  and  the  90RF1 
oncoprotein. 

The  90RF1  oncoprotein  is  related  to  dUTPase  enzymes,  yet  lacks  this  enzymatic  activity. 
We  have  also  shown  that  human  adenovirus  E4  ORFl  polypeptides  display  sequence  similarity  with  a 
variety  of  cellular  and  viral  dUTPase  enzymes  (52).  Moreover,  avian  adenovirus  CELO  codes  for  a 
dUTPase  gene  in  a  genomic  location  analogous  to-that  of  the  human  adenovims  E4  ORFl  genes  (52), 
suggesting  that  these  proteins  may  be  evolutionarily  related.  A  high  cellular  dTTP:dUTP  ratio  is  essential  to 
avoid  uracil  incorporation  into  DNA,  and  dUTPases  function  to  hydrolyze  dUTP  to  dUMP  and 
pyrophosphate  (38).  This  enzymatic  activity  also  provides  dUMP  for  dTTP  biosynthesis.  Despite  their 
sequence  similarity,  however,  the  five  conserved  protein  motifs  found  in  dUTPase  enzymes,  including  a 
nucleotide  phosphate-binding  p-loop  domain,  are  not  preserved  in  E4  ORFl  polypeptides.  Consistent  with 
this  observation,  E4  ORFl  proteins  do  not  exhibit  detectable  dUTPase  enzymatic  activity  (52),  although  it 
remains  possible  that  these  viral  proteins  possess  an  enzymatic  activity  related  to  but  different  from  that  of 
dUTPases.  Nevertheless,  in  addition  to  their  sequence  similarity,  E4  ORFl  and  dUTPase  proteins  are  also 
predicted  to  be  stmcturally  related  (52).  In  support  of  this  idea,  we  presented  data  in  the  application  for  this 
grant  award  suggesting  that,  in  cells,  the  90RF1  protein  forms  homo-trimers,  similar  to  dUTPase  enzymes. 
The  observed  sequence  similarity  of  the  90RF1  protein  with  dUTPases  is  likely  to  provide  important 
insights  into  the  function  of  this  viral  oncoprotein. 
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BODY  OF  ANNUAL  REPORT 


OBJECTIVE  1;  Identify  the  90RFl-associated  cellular  proteins. 

The  90RF1  oncoprotein  forms  complexes  with  DLG  in  Ad9-induced  mammary  tumors 
cells  and  may  mislocalize  this  cellular  factor  in  cells.  We  previously  showed  that  90RF1  and  the 
putative  tumor  suppressor  protein  DLG  form  a  complex  in  90RF1 -transformed  CREF  cells  (28).  We  were 
next  interested  in  assessing  whether  similar  complexes  were  also  formed  in  Ad9-induced  mammary  tumor 
cells.  To  examine  this  possibility,  we  immunoprecipitated  90RF1  protein  from  a  cell  line  derived  from  an 
Ad9-induced  mammary  tumor  and  immunoblotted  immunoprecipitates  with  DLG  antiserum.  Significantly, 
as  for  90RF1 -transformed  CREF  cells,  DLG  co-immunoprecipitated  with  90RF1  protein  in  this  experiment 
(Fig.  2),  indicating  that  90RF1  and  DLG  are  also  complexed  within  Ad9-induced  rat  mammary  tumor  cells. 

Fig.  2.  DLG  co-immunoprecipitates  with  90RF1  protein 
expressed  in  an  Ad9-induced  rat  mammary  tumor  cell  line. 
RIPA-buffer  cell  extracts  containing  4  mg  of  protein  were 
immunoprecipitated  with  90RF1  antiserum  or  the  matched  pre-immune 
serum.  Recovered  proteins  were  separated  by  SDS-PAGE  and  transferred 
to  a  membrane.  Relevant  portions  of  the  membrane  were  immunoblotted 
with  either  DLG  or  90RF1  antiserum  as  described  previously  (28). 


Like  the  90RF1  protein,  the  neuronal  membrane 
potassium  channel  protein  Kvl.4  utilizes  a  G-terminal  PDZ 
domain-binding  motif  to  bind  directly  to  DLG  PDZ(l+2)  (24, 
25).  When  eidier  DLG  or  Kvl.4  is  overexpressed  alone  in 
COS7  cells,  each  exhibits  diffuse  cellular  staining  by  indirect 
immunofluorescence.  When  co-expressed,  however,  these 
proteins  redistribute  into  plaque-like  clusters  (25).  This 
redistribution  is  thought  to  reflect  the  ability  of  DLG  to  aggregate  specific  protein  targets  to  specialized  sites 
of  cell-cell  contact.  Therefore,  we  wanted  to  determine  whether  the  90RF1  protein  would  also  cluster  DLG 
in  cells.  Significantly,  when  co-expressed  with  wild-type  90RF1  protein  in  COS7  cells,  DLG  redistributed 
into  clusters  within  the  cytoplasm  of  these  cells  (Fig.  3).  -  These  results  were  specific  because,  when 
expressed  alone  or  co-expressed  with  mut-HIA  90RF1  protein,  DLG  remained  diffusely  distributed  in  cells. 
These  findings  confirm  that  the  90RF1  and  DLG  proteins  physically  associate  within  cells  and,  more 
important,  hint  that  the  90RF1  oncoprotein  may  cause  DLG  to  become  mislocalized  in  cells.  Future 
experiments  will  examine  this  interesting  possibility. 


Ad9-lnduced  rat  mammary 
tumor  cell  line 


£  uT 
£ 

IP:  t  1 


Immunoblot:  a-DLG 


Immunobiot:  a>90RF1 


DLG  Alone 


DLG  -I-  wild-type  90RF1 


DLG-t-90RF1  mut-IIIA 


Fig.  3.  Wild-type  but  not 
mut-IIIA  90RF1  protein 
expression  causes  specific 
clustering  of  DLG  in  COS 
ceils.  COST  cells  were 
lipofected  with  2.5  pg  of 
expression  plasmid  GWl-CMV 
rat  SAP97  (DLG)  alone  or  with 
2.5  pg  of  either  GWl-CMV 
wild-type  90RF1  (DLG  +  wild- 
type  90RF1)  or  GWl-CMV 

mut-inA  90RF1  (DLG  +  90RF1  mut-HIA).  48h  post-transfection,  cells  were  fixed  in  methanol  and  analyzed  by  indirect 
inmiunofluorescence  using  a  primary  DLG  antiserum  (provided  by  Dr.  Kyung-Ok  Cho,  Department  of  Cell  Biology,  Baylor 
College  of  Medicine)  and  secondary  goat  anti-rabbit  fluorescein  isothiocyanate  (FITC)-conjugated  antiserum.  A  single 
representative  cell  from  each  experiment  is  shown.  Separate  analyses  indicated  that  wild-type  and  mut-HIA  90RF1  proteins 
were  expressed  at  similar  levels  in  the  cells  (data  not  shown). 
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9BP-1  is  90RFl-associated  protein  p220.  Like  DLG,  the  novel  cellular  PDZ-domain  protein 
9BP-1  may  also  represent  a  previously  observed  90RF1 -associated  protein.  To  test  this  idea,  we  generated 
rabbit  polyclonal  antisera  to  a  histidine-tagged  fusion  protein  containing  the  9BP-1  C-terminal  526  amino- 
acid  residues.  In  cell  lysates  from  mouse,  rat,  and  human  cell  lines,  immunoblot  analyses  with  9BP-1 
antiserum,  but  not  with  matched  pre-immune  serum  (data  not  shown),  revealed  one  prominent  band  having 
the  same  species-specific  gel  mobility  as  90RF1 -associated  protein  p220  (Fig.  4)  (51).  To  determine 
whether  9BP-1  in  cell  lysates  binds  to  the  90RF1  protein  in  vitro,  we  performed  GST  pulldown  assays 
with  wild-type  or  mutant  90RF1  proteins,  and  immunoblotted  recovered  cellular  proteins  with  9BP-1 
antiserum.  We  found  that,  like  90RFl-associated  protein  p220  (51),  9BP-1  binds  to  wild-type  and  mut- 
mD  90RF1  proteins,  but  not  to  mut-HIA,  mut-IIIB,  or  mut-mC  protein  (Fig.  5).  Additionally,  9BP-1 
also  bound  to  the  related  50RF1  and  120RF1  transforming  proteins.  These  results  suggest  that  9BP-1  is 
90RFl-associated  protein  p220.  The  fact  that  9BP-1  binds  mut-EID  but  not  mut-IIIC  whereas,  conversely, 
DLG  binds  mut-IIIC  but  not  mut-HID  (28)  may  indicate  that  binding  to  both  9BP-1  and  DLG  is  necessary 
for  full  transforming  activity  of  the  90RF1  protein. 

Fig.  4.  9BP-1  and  90RF1- 

associated  protein  p220  co-migrate 
3T3  CR£F  TC85^  ^  293^  and  show  the  same  species-specific 

gel  mobility.  Left  panel.  Mouse  3T3,  rat 
CREF,  human  TE85,  or  human  293  cells 
were  lysed  in  RIPA  buffer,  and  2  mg  of  total 
cell  proteins  was  incubated  with  5  pg  of 
GST  or  GST-90RF1  fusion  proteins  on 
’220  beads.  Recovered  cellular  proteins  were 
separated  by  7.5%  SDS-PAGE,  transferred  to 
a  membrane,  and  protein  blotted  with  a 
radiolabelled  GST-90RF1  protein  probe  as 
described  previously  (51).  90RFl-associated 
“87  protein  p220  is  indicated  with  an  asterisk. 
Right  panel.  In  parallel  with  the  experiment 
Blot;  80RF1  prrtoln  pr<*e  ImmunoWot:  (r9BP-1  described  above,  20  ug  of  total  cell  proteins 

from  the  different  cell  lines  was  separated  by 

7.5%  SDS-PAGE,  transferred  to  a  membrane,  and  immunoblotted  with  9BP-1  rabbit  polyclonal  antiserum. 

Fig.  5.  9BP-1  and  90RFl-associated  protein 
p220  show  the  same  reactivity  toward  90RF1 
mutant  proteins.  Total  cell  proteins  (200  pg)  from 
CREF  cells  were  incubated  with  GST  or  the  indicated 
GST  fusion  protein  (5  pg)  on  beads.  Recovered  cellular 
proteins  were  separated  by  7.5%  SDS-PAGE,  transferred 
to  a  membrane,  and  immunoblotted  with  9BP-1  rabbit 
polyclonal  antiserum. 


9BP-1  co-immunoprecipitates  with  the 
90RF1  protein  expressed  in  CREF  cells 
and  Ad9-induced  rat  mammary  tumor 
cells.  To  determine  whether  the  90RF1  protein 
and  9BP-1  may  form  complexes  in  vivo,  we 
performed  co-immunoprecipitation  analyses. 
We  found  that  immunoprecipitation  with  90RF1  antiserum  but  not  with  the  matched  pre-immune  serum  co¬ 
precipitated  9BP-1  from  lysates  of  90RFl-expressing  CREF  cells  (Fig.  6).  This  result  was  not  due  to 
90RF1  antiserum  reacting  directly  with  9BP-1  because  an  immunoprecipitation  performed  with  90RF1 
antiserum  and  lysates  of  normal  CREF  cells  failed  to  precipitate  this  protein.  Moreover,  in  reciprocal 
experiments,  9BP-1  antiserum  but  not  the  matched  pre-immune  serum  also  co-precipitated  90RF1  protein 
from  lysates  of  90RF1 -expressing  CREF  cells  (Fig.  7).  Significantly,  the  90RF1  protein  similarly 
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co-precipitated  with  9BP-1  from  lysates  of  an  Ad9-induced  rat  mammary  tumor  cell  line  (Fig.  7).  These 
findings  suggest  that,  like  DLG,  the  novel  cellular  PDZ-domain  protein  9BP-1  forms  a  complex  with  the 
90RF1  oncoprotein  in  cells. 


CREP-  CREF- 
vector  90RF1 


ImmunoUot:  a-0BP>1 


Fig.  6.  9BP-1  co-immunoprecipitates  with  the  90RF1  protein. 
Total  cell  proteins  (2.5  mg)  from  pools  of  CREF  cells  selected  for  expression 
plasmid  pJ4n  (CREF-vector)  or  pJ4n-90RFl  plasmid  (CREF-90RF1)  were 
immunoprecipitated  with  either  90RF1  antiserum  or  the  matched  pre-immune 
serum.  Recovered  proteins  were  separated  by  7.5%  SDS-PAGE,  transferred  to  a 
membrane,  and  immunoblotted  with  9BP-1  rabbit  polyclonal  antiserum. 


Ad9-induced 


CREF-  CREF-  rat  mammary 
vector  90RF1  tumor  cell  line 


1  2  3  4  5  6 


Immunoblot:  o-SORFI 


Fig.  7.  The  90RF1  protein  co-immunoprecipitates 
with  9BP-1.  Total  cell  proteins  (3  mg,  CREF-vector  and 
CREF-90RF1 ;  *6  mg,  Ad9-induced  mammary  tumor  cell  line) 
were  immunoprecipitated  with  either  9BP-1  antiserum  or  the 
matched  pre-immune  serum.  Recovered  proteins  were  separated 
by  7.5%  SDS-PAGE,  transferred  to  a  membrane,  and  the 
relevant  portion  of  the  membrane  was  immunoblotted  with 
either  (A)  90RF1  or  (B)  9BP-1  rabbit  polyclonal  antiserum. 

Murine  9BP-1  is  the  same  protein  as  the  rat 
multi-PDZ  domain  protein  MUPPl.  By 

rescreehing  phage  libraries  with  a  9BP-1  DNA  probe, 
we  have  now  obtained  additional  9BP-1  cDNA 


sequences  coding  for  a  total  of  1,042  amino-acid 
residues.  During  the  course  of  our  experiments,  a 
9BP-1  2,054-residue  multi-PDZ  domain  protein  called 

MUPPl  was  reported  (49).  The  C-terminus  of  the  rat 
Immunoblot:  a-9BP-1  MUPPl  pol)rpeptide  exhibits  approximately  95% 

sequence  identity  with  the  C-terminal  1,042-residue 
portion  of  murine  9BP-1  sequence  (data  not  shown),  indicating  that  these  proteins  are  the  same.  Therefore, 
9BP-1  (MUPPl)  has  thirteen  PDZ  domains  and  no  other  recognizable  domains  (Fig.  8).  Results  obtained 
by  immobilizing  fusion  proteins  containing  each  9BP-1  PDZ  domain  on  a  membrane  and  blotting  with  a 
radiolabelled  90RF1  protein  probe  further  show  that  the  90RF1  protein  selectively  binds  to  PDZIO  of  this 
polypeptide  (data  not  shown;  see  Fig.  8). 


9BP-1  may  function  as  an  adapter  protein.  BLAST  searches  reveal  that  9BP-1/MUPP1  is  most 
closely  related  to  human  INADL  (35),  a  1,524  amino-acid  residue  PDZ-domain  protein  related  to  the 
Drosophila  INAD  protein  (9, 18,  44),  and  to  an  approximately  2,100  amino-acid  residue  C.  elegans  PDZ- 
domain  protein  of  unknown  function  (see  Fig.  8).  The  sequence  similarity  with  INADL  is  potentially 
significant  because  it  may  hint  to  a  possible  function  for  9BP-1.  The  Drosophila  INAD  protein  consists  of 
five  PDZ  domains  and  functions  as  a  scaffold  to  assemble  different  components  of  the  -phototransduction 
cascade  (48).  In  a  specialized  subcellular  compartment  of  Drosophila  photoreceptor  neurons  called  the 
rhabdomere,  light-activated  rhodopsin  initiates  a  signaling  cascade  by  activating  the  Gq  protein  a-subunit, 
which  activates  phospholipase  C-p  (PLC-p).  PLC-p  catalyzes  hydrolysis  of  phosphatidylinositol-4,5- 
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bisphosphate  to  the  intracellular  second  messengers  inositol  triphosphate  and  diacylglycerol,  which  then 
induce  opening  of  the  principle  light-activated  calcium  channels  (TRP).  Finally,  through  a  calcium- 
dependent  process  that  includes  activation  of  protein  kinase  C  (PKC),  the  light  response  is  deactivated. 
Each  INAD  PDZ  domain  interacts  with  a  specific  component  of  this  phototransduction  cascade,  with  PLC-p 
binding  to  PDZ5,  TRP  binding  to  PDZ3,  and  PKC  binding  to  PDZ4.  Besides  having  significant 
deficiencies  in  phototransduction,  INAD  null  mutants  display  dramatic  defects  in  the  subcellular 
distributions  of  PLC-p,  TRP,  and  PKC  (48).  These  findings  indicate  that  INAD  organizes  components  of 
the  Drosophila  phototransduction  cascade  both  architecturally  and  spatially  into  microdomains  of  signaling. 
In  so  doing,  INAD  may  prevent  cross-talk  between  related  signaling  pathways  and  enhance  signaling 
response  times  and  specificity.  In  summary,  the  mechanisms  of  INAD  may  serve  as  an  important  paradigm 
for  related  multivalent  PDZ-domain  proteins  like  9BP-1  and,  perhaps,  DLG  as  well. 
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Fig.  8.  9BP-1  is  the  murine  homologue  of  the  rat  multi-PDZ  domain  protein  MUPPl.  This  figure  shows 
the  common  domain  organization  of  three  different  multi-PDZ  domain  proteins:  rat  MUPPl,  human  INADL,  and  yeast  protein 
C52A11.4.  Rat  MUPPl  has  2,054  amino-acid  residues  and  thirteen  PDZ  domains,  and  exhibits  approximately  95%  sequence 
identity  with  murine  9BP-1  (see  text),  indicating  that  these  proteins  are  the  same.  The  numbers  below  the  PDZ  domains  of 
INADL  and  C52A11.4  denote  their  sequence  identity  with  the  respective  PDZ  domains  of  9BP-1/MUPP1.  (Adapted  from 
Ullmer  et  al,  FEBS  Letters  424:63-68,  1998). 


OB.TECTIVE  2;  Determine  the  functional  significance  of  90RF1  protein  oligomerization. 

Problems  recovering  soluble  90RF1  protein.  For  this  objective,  we  planned  to  determine  the 
molecular-weights  of  purified  90RF1  and  mut-HIA  homo-oligomers.  This  was  to  be  accomplished  by 
expressing  the  proteins  in  E.  coli  as  GST  fusions,  purifying  them,  removing  the  GST  moiety  by  cleavage 
with  thrombin,  and  determining  their  size  by  gel  filtration  and  glycerol  gradient  sedimentation  analyses. 
Although  we  succeeded  in  expressing  and  purifying  these  proteins  as  GST  fusions,  90RF1  and  mut-HIA 
became  completely  insoluble  following  thrombin  cleavage.  We  also  attempted  to  obtain  soluble  90RF1  and 
mut-IHA  protein  by  expressing  them  as  6xHis  fusion  proteins.  Again,  although  expressed  at  high  levels  in 
E.  coli,  Ae  proteins  were  completely  insoluble,  even  after  addition  of  0.2%  SDS  or  1%  sarkosyl. 
Therefore,  due  to  these  unanticipated  problems,  'we  are  presently  unable  to  complete  the  proposed 
oligomerization  studies  with  purified  wild-type  and  mutant  90RF1  proteins.  As  an  alternate  approach,  we 
plan  to  express  90RF1  protein  in  insect  cells  using  90RF1 -expressing  recombinant  baculoviruses.  If  this 
approach  fails,  however,  we  will  refocus  these  efforts  toward  determining  whether  the  90RF1  protein 
possesses  an  enzymatic  activity  related  to  but  different  from  that  of  dUTPases.  Such  an  activity  may  be 
suggested  by  recent  observations  (see  below). 

90RF1  Region  I  and  Region  II  mutations  correspond  to  dUTPase  residues  present  within 
or  near  the  catalytic  site.  The  crystal  structure  of  human  dUTPase  complexed  with  dUTP  has  recently 
been  solved  (32).  Two  amino-acid  residues,  glycine  87  and  valine  89,  are  present  in  the  active  site,  and 
their  main-chain  atoms  interact  with  the  uracil  base.  These  residues  lie  within  a  conserved  region  of 
eukaryotic  dUTPases  and,  interestingly,  90RF1  Region  H  mutations  are  contained  within  an  analogous 
highly-conserved  region  of  adenovirus  E4  ORFl  proteins  (52).  dUTPase  valine  89  is  located  in  an 
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equivalent  position  as  90RF1  leucine  89,  which  is  changed  to  glutamine  in  rnut-UA  and,  two  residues 
away,  phenylalanine  91  is  changed  to  serine  in  mut-IIB  (50).  Thus,  90RF1  Region  n  mutations 
correspond  to  dUTPase  residues  in  or  near  the  catalytic  site.  Furthermore,  using  the  three-dimensional 
structure  of  human  dUTPase  as  a  model,  we  predict  that  90RF1  Region  I  mutations  of  mut-IA  (F34I, 
H39Q,  V41A)  are  located  on  p-strand  3  near  Region  II  residues  on  p-strand  6  (32,  50).  These  intriguing 
observations  hint  that  90RF1  transforming  activity  may  depend  on  an  enzymatic  activity  related  to  dUTPase 
or,  alternatively,  an  ability  to  bind  to  nucleic  acid. 

Considering  that  the  possibility  that  the  90RF1  protein  may  possess  an  undetermined  enzymatic 
activity,  it  seems  pertinent  that  DLG  has  been  shown  to  bind  ATP  in  vitro  and  that  this  binding  is  m^iated 
by  PDZ(l+2)  (30).  Specifically,  fusion  proteins  containing  full-length  DLG,  DLG  PDZ(l+2+3),  and  DLG 
PDZ(l+2),  but  not  DLG  PDZ3,  display  high-affinity  binding  to  ATP  in  vitro  (30).  This  binding  is  specific 
because  no  binding  was  detected  with  GTP  and,  in  addition,  binding  with  radiolabelled  ATP  was  blocked 
with  a  large  excess  of  cold  ATP  but  not  GTP.  The  biological  significance  of  ATP  binding  to  DLG  is  not 
known  but  possible  implications  include  the  induction  of  conformational  changes  in  DLG  by  ATP 
hydrolysis  similar  to  those  seen  in  nucleotide-bound  forms  of  Ras  (1),  indirect  effects  on  the  functions  of 
DLG-associated  proteins,  or  modulation  of  DLG  PDZ  domain  protein-protein  interactions.  Although  the 
protein  sequences  that  mediate  ATP  binding  were  not  determined,  it  may  be  relevant  that  DLG  PDZ2 
contains  a  "reverse"  nucleotide-binding  motif  KGXXGXG  (X  =  any  amino  acid)  (1, 41).  This  observation 
may  be  significant  in  light  of  the  fact  that,  among  the  three  DLG  PDZ  domains,  DLG  PDZ2  binds  most 
strongly  to  the  90RF1  protein  (28).  In  addition,  crystal  structures  of  DLG  and  PSD-95  PDZ  domains  (8, 
10)  suggest  that  residues  for  these  putative  nucleotide-binding  motifs  would  be  located  within  and  near  ±e 
binding  site  responsible  for  interacting  with  C-terminal  peptide  sequences.  Therefore,  we  propose  to 
determine  whether  the  90RF1  protein  hydrolyzes  ATP  molecules  bound  to  DLG. 

For  this  purpose,  the  plasmid  encoding  the  GST-DLG  PDZ(  1+2+3)  fusion  protein  used  by  Marfatia,  et  al 
in  their  ATP  binding  study  (30)  has  been  obtained  from  Dr.  Athar  Chishti.  Using  this  plasmid  to  obtain 
purified  protein,  we  will  first  confirm  that,  as  opposed  to  GST,  the  GST-DLG  PDZ(l+2+3)  protein  has  a 
high  capacity  for  binding  specifically  to  ATP.  Next,  while  attached  to  glutathione  sepharose  beads,  the 

purified  DLG  PDZ(  1+2+3)  protein  will  be  bound  to  [y-32P]ATP  or  [a-32P]ATP  as  described  by  Marfatia  et 
al  (30),  washed  to  remove  free  ATP,  and  incubated  with  a  binding  buffer  containing  saturating  amounts  of 
purified  GST-90RF1  protein.  Aliquots  of  binding  buffer  will  be  monitored  for  the  release  of  radioactivity. 
To  measure  possible  hydrolysis  of  the  radiolabelled  ATP  directly  by  the  GST-90RF1  protein,  we  will  assay 
these  aliquots  for  the  presence  of  free  32PO4  by  thin  layer,  chromatography  (TLC)  on  polyethyleneimine- 
cellulose  plates  (4).  Different  radiolabelled  nucleotide  and  phosphate  standards  will  be  included  in  the  TLC 
assays  because  it  is  possible  that  pyrophosphate  may  be  a  hydrolysis  product  or  intact  ATP  may  be 
displaced  from  the  DLG  protein.  As  negative  controls,  the  DLG  protein  bound  to  radiolabelled  ATP  will 
also  be  incubated  with  binding  buffer  lacking  GST-90RF1  protein  or  containing  GST  protein.  If  we 
observe  specific  ATP  hydrolysis  by  GST-90RF1  protein,  then  we  will  perform  similar  assays  with  GST 
proteins  containing  available  90RF1  mutants  and,  in  addition,  determine  whether  GST-90RF1  protein  can 
hydrolyze  ATP  or  other  nucleotides  fi-ee  in  solution.  We  will  also  mutate  the  nucleotide-binding  motif  in 
DLG  PDZ2  to  determine  whether  binding  to  ATP  is  abolished.  These  experiments  are  expected  to  allow  us 
to  determine  whether  the  90RF1  protein  can  hydrolyze  ATP  molecules  bound  to  the  PDZ  domains  of  DLG 
and,  if  so,  whether  this  activity  is  linked  to  transformation  by  the  90RF1  protein. 

dUTPases  and  PDZ  domains  share  a  similar  protein  fold.  For  known  C-terminal  PDZ  domain¬ 
binding  motifs,  full  binding  activity  is  mediated  by  as  few  as  three  C-terminal  amino-acid  residues  ^9).  In 
contrast,  the  C-terminal  17  or  65  amino-acid  residues  of  the  90RF1  protein  show  significantly  impaired 
PDZ-domain  protein  binding  activity  (51),  suggesting  that  additional  unknown  interactions  contribute  to 
stable  complex  formation.  In  this  regard,  besides  binding  to  the  C-termini  of  target  proteins,  PDZ  domains 
also  form  homotypic  dimers  with  other  PDZ  domains  (5).  Interestingly,  the  crystal  structure  of  a  PDZ 
domain  has  been  solved,  and  it  is  reported  to  share  a  similar  p-clip  fold  with  dUTPases  (8).  This  intriguing 
observation  suggests  that  90RF1  and  related  adenovirus  E4  ORFl  transforming  proteins  also  have  a  p-clip 
fold  which,  conceivably,  could  permit  these  viral  proteins  to  use  both  C-terminal  peptide  and  homotypic-like 
interactions  to  bind  PDZ  domains.  Therefore,  90RF1  may  have  arisen  from  a  dUTPase  precursor  because 
such  a  structural  framework  may  provide  the  most  effective  means  to  prevent  PDZ  domains  from  binding  to 
their  normal  targets  in  cells. 
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CONCLUSIONS 


We  have  discovered  that  several  different  human  virus  oncoproteins  (adenovirus  E4  ORFl,  HTLV-1  Tax, 
and  high-risk  HPV  E6)  contain  PDZ  domain-binding  motifs.  In  addition,  these  viral  oncoproteins  also 
share  the  ability  to  complex  with  the  cellular  PDZ-domain  protein  DLG,  which  is  a  putative  tumor 
suppressor  protein  that  binds  to  the  tumor  suppressor  protein  APC  in  cells.  Moreover,  both  the  adenovirus 
90RF1  andHPV-16E6  oncoproteins  are  known  to  require  their  functional  PDZ-domain-binding  motifs  to 
transform  cells.  In  addition  to  DLG,  the  90RF1  protein  has  also  been  found  to  interact  with  the  novel  PDZ- 
domain  protein  9BP-1,  as  well  as  several  other  putative  cellular  PDZ-domain  proteins.  This  finding 
implicates  a  select  group  of  cellular  PD2^<iomain  proteins  in  transformation  by  90RF1.  Because  PDZ- 
domain  proteins  normally  function  in  cell  signaling,  the  90RF1  protein  likely  perturbs  cell  signaling 
pathways  and,  in  so  doing,  potentiates  abnormal  cellular  proliferation  and  neoplasia.  Therefore, 
ascertaining  the  mechanisms  of  transformation  by  the  90RF1  oncoprotein  is  expected  to  reveal  important 
new  cell  signaling  proteins  and  pathways  involved  in  the  development  of  cancer.  It  is  hoped  that  the 
knowledge  gained  by  these  studies  can  be  used  to  develop  new  therapeutic  strategies  for  preventing  and 
treating  human  malignancies. 
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